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RESEARCH SUMMARY 


Presents tables and equations for estimating total cubic volumes 
‘of wood, wood residue, and bark for ponderosa pine, lodgepole pine, 
western larch, and Douglas-fir. Tables represent second-growth 
trees 80 years old or less, ranging in size from 1-1/2 inches d.b.h. 
to the maximum diameter measured for the respective species. The 
equations and tables provide a means for estimating wood and bark 
residue volumes from tops, bole sections, and smaller submerchant- 
able stems. Tables and equations can also be used to estimate total 
cubic volume for the size classes, species, and locale sampled. 


INTRODUCTION 


Estimates of tree volume, based on diameter, height, and species, provide the 
foundation for many forestry practices. Recent interest in volumes of forest residues, 
rapidly changing utilization practices, and an accelerated need to manage second-growth 
stands of timber have created a demand for tables that indicate not only the volume of 
wood in the merchantable part of a stem, but also the volumes of wood and bark in the 
nonmerchantable parts, and in stems smaller than the prevailing merchantability standard. 


The accompanying tables (appendix) have been prepared mainly for the purpose of 
predicting stem residue volumes that may result from thinning or harvesting. The trees 
selected for the study do not exceed 80 years of age, and so may represent stem devel- 
opment in unmanaged second-growth stands. Minimum tree diameter is 1-1/2 inches d.b.h. 
(o.b.) and the maximum diameter varies by species, given the constraints of age and 
growing site. The sample trees were obtained from selected stands on both public and 
private lands in western Montana and include a broad range of growing conditions. Only 
dominant and codominant trees were measured, and no trees were selected that showed, 
from ring examination, marked periods of suppression. 


METHOD OF STEM MEASUREMENT 


All measurements were made on felled trees as shown in figure 1. The total height 
and d.b.h. (o.b.) of each tree were determined first. To eliminate the problems of 
disproportionate measure in using a fixed bolt length, the tree was then divided into 
Six segments of equal length for further measurement. A diameter tape was used to 
measure diameter outside bark at the base of each segment. Bark thickness at the base 
of each segment was measured using a Swedish bark gage. At thick-barked section the 
bark gage measurement was augmented with an axe cut, the thickness then measured with 
an engineer's scale. A minimum of three bark-thickness measurements were made at the 
base of each segment and the average value was determined. An additional measurement, 
inside bark, was made at an assumed stump height of 1 foot above the average ground 
level. All diameter and bark-thickness measurements were recorded to the nearest tenth 
of an inch. Total tree height was measured to the nearest foot. The segment lengths 
were converted to inches and measured to the nearest inch. 


Length, each of 
Six equal segments, 


4 S1.- 56 


D. 0. b. and d. i. b. 
base each segment, 
51-6 


Diehl 
(outside bark) 


D.i.b. at 1-foot 
, ~ stump height 


Ground level 


Figure 1.--Stem measurements that describe dtameter and hetght for each sample tree. 
Designated segments, s divtde the total tree hetght tnto stx equal segments. 


BASIC VOLUME COMPUTATION 
PROCEDURES 


Stem Total Wood Volume 


The volume of the middle four truncated segments of each tree was obtained by treat- 
ing the segments as a cone frustrum, while the top segment was treated as a cone. The 
volume of the base segment was obtained by calculating the stump volume as a truncated 
cone and adding it to the remaining segment volume. The inside bark diameter was 
obtained by subtracting double bark thickness from d.o.b. All segment and tree volumes 
were developed from a computer program specifically written for the data. The volumes 
were calculated in cubic feet for the entire stem, inside bark, including the stump and 
top. 


Top Volume Above a Specified Diameter 


Top volume is defined as the volume, inside bark, of that portion of the stem 
above a specified minimum top d.i.b., ranging from 2 to 8 inches. For trees in which 
the specified minimum top diameter occurs low in the tree (for example, an 8-inch min- 
imum top diameter in a 9-inch d.b.h. tree), top volume is further limited to that 
portion of the stem above an 8-foot bole section. Utilization of at least an 8-foot 
section above the stump is assumed, regardless of diameter. 
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Figure 2.--Top volume, defined as the volume above a specified min- 
tmum diameter, vartes with diameter of the tree and total hetght 
of the tree. Illustrated ts the relattonship between these 
vartables for ponderosa pine. 


Top volumes were calculated by means of the same computer program that was used to 
calculate total stem volumes. Using the segment diameters and bark thicknesses recorded 
for the tree, the minimum top-diameter position on the stem was calculated. Volumes of 
all full segments above this point, plus the volume of a partial segment immediately 
above minimum top diameter, were aggregated to determine top volume. Top volume is a 
function of tree diameter and height, as illustrated in figure 2. 


Bark Thickness 
Bark thickness was obtained using the measured values as recorded from the field 
sample. However, because of the excessively thick bark at the tree base, only the 


measurements of the upper five segments were used. 


Gross Bark Volume 


Gross bark volume is defined as the bark volume for the entire stem without allow- 
ance for fissure or void volume. The value was obtained for each tree by subtracting 
the volume inside bark from the volume outside bark. The volume in each case was cal- 
culated in the manner previously described for the calculation of stem volume. Because 
d.o.b. at stump height was not obtained during the field measurements, that particular 
value was estimated from the bark-thickness equations developed for each species. 


Stump Diameter — D.B.H. Relationship 


The relationship between diameter at stump height, i.b., and diameter at breast 
height, o.b., was obtained for each tree using the information obtained from field 
measurements. 


METHODS OF REGRESSION MODEL 
CONSTRUCTION 


The development of the models for table construction proceeded in four steps: 
(1) selection of the independent variables, (2) graphic analysis, (3) regression anal- 
ysis, and (4) final selection of the model. 


Development of Tables 


The regressions and resulting tables were prepared specifically to make use of 
measurements that are commonly obtained under field conditions. With this in mind, 
diameter breast height, outside bark (d.b.h., 0o.b.), and total height were used as 
fundamental independent variables for all stem, top, and bark volume estimates. Diam- 
eter outside bark was used to predict bark thickness, again because of the relative 
simplicity of field measurements. Stump diameter, i.b., one of the measurements taken 
during the data collection, was used as the independent variable in developing the 
d.b.h.-stump diameter equations. 


Random samples, varying from 10 to 20 percent of the total number of observations 
in each data set, were drawn for graphic analysis. These analyses provided insights 
for the selection of the form of the variables, from which one or more models were 
postulated. Stepwise, least squares multiple regression techniques, using the improve- 
ment in the "'F'! statistic as a delimiter, were used to develop the models. When more 
than one model seemed statistically appropriate, an examination of the residuals was 
helpful in selecting the final model. 


With the exception of the stand volume equations, all volume predictions incorporate 
logarithmic models. Logarithmic expressions for the estimation of tree stem volume 
have been widely used since 1933, when the method was proposed by Schumacher and Hall 
(1933). Investigators in other fields have likewise found the procedure useful 
(Baskerville 1972; Zar 1968). 


Two characteristics are common when describing functional relationships between 
tree or stem size and volume. First, these relationships are nonlinear; and second, 
the variation within size classes is neither constant nor directly proportional to tree 
size. When the data are plotted on logarithmic paper, the form may appear as a straight 
line with a reduced heterogeneity of variance. The coefficients of the resulting log 
linear model can be estimated by the method of least squares. 


To provide comparative statistics, the tables incorporating logarithmic models in- 
clude expressions of mean error, average bias, and average deviations, all expressed in 
percentage. These expressions indicate the relative reliability of the tables with 
which they are associated. 

Percent average is obtained as follows: 

MOOR Vise Ya) Vir = 100 (Y = Y/Y 
where © Yi = sum of arithmetic estimates 


© Yi = sum of observations 


Y = mean of arithmetic estimates 


= mean of observations 


Mean error, expressed in percentage, is an indication of the average variation of 
the sample. Expressing the deviation in percentage tends to overcome the inherent 
problem of heterogeneous variance. The procedure for calculating the mean error is: 

n 7 . a 
z (@i : Yi) 100/Yi)*/n-k-1 
i=l 


where Yi - observed value 
Yi = arithmetic estimated value 
n - number of observations in the data set 


k = number of independent variables in the model 


Inasmuch.as bias is included in the calculation, the value obtained is always somewhat 
larger than if an unbiased procedure had been used initially. From an interpretive 
standpoint, the percent mean error is analogous to the usual standard error (deviation) 
of regression. 


Although not appropriate from a purely statistical sense, average percent deviation 
provides an estimate of the average deviation of the individual observations from their 
respective means. In the past the value has often accompanied volume tables to provide 
the user with a rough indication of variability. Average percent deviation is always 
less than mean error, being approximately 75 percent that of mean error, depending upon 
the magnitude of bias. Average deviation equals 


n x a 
oy C) (ae =9 Ya) 100/7Y1))/n 


i=l 


Development of Stand Volume Tables 


Stand volume tables are usually developed from multiple-stand samples. The tables 
included here are based upon single-stem volume equations which, when extended, pro- 
vide the tabular values. The procedure used in the development of the equations con- 
sisted of regressing total stem volume against the product of basal area and total 
height for each tree. The intercept term was dropped and the regression coefficient 
was used as an estimate of cylindrical form factor. Because the form factor decreases 
with increasing d.b.h., the factor used to develop the tables represents those trees 


in the diameter class interval of 4 to 10 inches. The tabular values are obtained by 
the formula: 


V = KBH 


where V = total stand volume 


aw 
iT} 


form factor 


icy) 
jan 
WW 


basal area of the stand multiplied by the average height of the trees 
sampled for basal area. 


The factors for the four species are: 


Spectes Factor 
Ponderosa pine 0.36 
Western larch +50 
Douglas-fir . 40 
Lodgepole pine 46 


The only published stand volume tables existing for the species and locale in- 
volved in this study are for lodgepole pine (Cole 1971). A comparison between the two 
tables shows remarkable agreement, suggesting that the approach used here is worthy of 


application for the other species until such time as conventional stand volume tables 
are developed. 


TABLES FOR VOLUME ESTIMATION 


The Tables 


In the appendix of this paper, volume estimation tables are presented for four 
species--ponderosa pine, lodgepole pine, western larch, and Douglas-fir. In all 
tables, diameter classes indicated are based on midpoint measurements; e.g., the 6-inch 
class includes trees 5.5 through 6.4 inches in diameter. The tables include: 


1. Standard volume tables:--These tables contain estimates of total gross cubic- 
foot wood volume for the entire stem, inside bark, including stump and top. They are 
intended for use as standard volume tables. 


2. Top volume tables.--Top volume tables are included for specified minimum top 
diameters, inside bark, from 2 to 8 inches. Top volume refers to total gross cubic- 
foot wood volume of the portion of the stem above the specified diameter. Additionally, 
where specified minimum top diameter approaches tree d.b.h., top volume is limited to 
that portion of the stem above an 8-foot ''merchantable" stem section. 


3. Gross bark volume tables.--Gross bark volume is the total cubic-foot volume of 
bark for the entire stem, including stump and top, without reduction for void space. 


4. Double bark thickness tables.--These tables are included to aid in the estima- 
tion of wood and bark residue contained in pieces of the stem, rather than the entire 
stem or top. The estimates are based upon the inside and outside bark field measure- 
ments of the upper five tree segments. 


5. Stump dtameter-d.b.h. relattonshtp tables.--These tables indicate the relation- 
ship between stump diameter, inside bark, and tree diameter at breast height, outside 
bark. They are useful in reconstructing stem or stand parameters from stump measurements. 


6. Stand volume tables.--These tables contain estimates of the total cubic-foot 
volume of a stand (or component of a stand, such as a given story in a multistoried 
stand) in cubic feet per acre, for basal area and dominant tree average height corre- 
sponding to the stand or stand component for which basal area was obtained. 


Applications and Limitations 


Tables of the kind represented here are empirically developed, and the tabular 
values are estimated averages for each size class. The fact that the values are aver- 
ages suggests that the tables are appropriate only when applied to relatively large 
numbers of observations within the range of the source data. The tabular values have 
been extended approximately two diameter and height classes beyond the range of the 
sample data. Extrapolation beyond the data range is ill advised, particularly toward 
the upper limits of the diameter classes because of the limited number of trees 
represented in those classes. 


Users of the stand volume tables should be aware that, in multistoried or in mixed 
stands, volumes can be obtained by identifying and measuring each stand component, then 
summing these partial volumes to obtain the estimated total volume. 
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APPENDIX 


Volume and Related Tables 


Ponderosa pine Page 


Table 1.--Total cubic volume, inside bark, including stump and top-- 
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Table 2.--Top cubic volume, inside bark (2-inch top diameter)--ponderosa pine. .12 
Table 3.--Top cubic volume, inside bark (3-inch top diameter)--ponderosa pine. .13 
Table 4.--Top cubic volume, inside bark (4-inch top diameter) --ponderosa pine. .14 
Table 5.--Top cubic volume, inside bark (5-inch top diameter)--ponderosa pine. .15 
Table 6.--Top cubic volume, inside bark (6-inch top diameter)--ponderosa pine. .16 
Table 7.--Top cubic volume, inside bark (7-inch top diameter)--ponderosa pine. .17 
Table 8.--Top cubic volume, inside bark (8-inch top diameter)--ponderosa pine. .18 
Table 9.--Gross cubic bark volume, entire stem--ponderosa pine... w. sah «eG. 
Table 10.--Double bark thickness for stem sections of specified dianeter=- 
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Lodgepole ptne 


Table 11.--Total cubic volume, inside bark, including stump and top--lodgepole 
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Table 12.--Top cubic volume, inside bark (2-inch top diameter)--lodgepole pine. .22 
Table 13.--Top cubic volume, inside bark (3-inch top diameter) --lodgepole pine. .23 
Table 14.--Top cubic volume, inside bark (4-inch top diameter)--lodgepole pine. .24 
Table 15.--Top cubic volume, inside bark (5-inch top diameter)--lodgepole pine. .25 
Table 16.--Top cubic volume, inside bark (6-inch top diameter)--lodgepole pine. .26 
Table 17.--Top cubic volume, inside bark (7-inch top diameter) --lodgepole pine. .27 
Table 18.--Top cubic volume, inside bark (8-inch top diameter)--lodgepole pine. .28 


Table 19.--Gross cubic bark volume, entire stem--lodgepole pine... Bia a ee9 
Table 20.--Double bark thickness for stem sections of specified diameter 
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Western larch 


Table_21.--Total cubic volume, inside bark, including stump and top--western 
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Table 22.--Top cubic volume, inside bark (2-inch top diameter)--western larch . .32 
Table 23.--Top cubic volume, inside bark (3-inch top diameter)--western larch . .33 
Table 24.--Top cubic volume, inside bark (4-inch top diameter)--western larch . .34 
Table 25.--Top cubic volume, inside bark (5-inch top diameter)--western larch . .35 
Table 26.--Top cubic volume, inside bark (6-inch top diameter)--western larch . .36 
Table 27.--Top cubic volume, inside bark (7-inch top diameter)--western larch . .37 
Table 28.--Top cubic volume, inside bark (8-inch top diameter)--western larch . .38 
Table 29.--Gross cubic bark volume, entire stem--western larch. ........ .39 
Table 30.--Double bark thickness for stem sections of specified diameter-- 
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Douglas-fir Page 


Table 31.--Total cubic volume, inside bark, including stump and top-- 


Douglas=f1T. 20se 2) eg Sia) ce Be eae 1 de ee ee eee cee ae 
Table 32.--Top cubic volume, inside bark (2-inch top diameter)--Douglas-fir. . .42 
Table 33.--Top cubic volume, inside bark (3-inch top diameter)--Douglas-fir. . .43 
Table 34.--Top cubic volume, inside bark (4-inch top diameter)--Douglas-fir. . .44 
Table 35.--Top cubic volume, inside bark (5-inch top diameter)--Douglas-fir. . .45 
Table 36.--Top cubic volume, inside bark (6-inch top diameter)--Douglas-fir. . .46 
Table 37.--Top cubic volume, inside bark (7-inch top diameter)--Douglas-fir. . .47 
Table 38.--Top cubic volume, inside bark (8-inch top diameter)--Douglas-fir. . .48 
Table 39.--Gross cubic bark volume, entire stem--Douglas-fir ... . Pee ee 87K) 
Table 40.--Double bark thickness for stem sections of specified diaméter-=- 
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Stump Dtameter--D.b.h. Relationship 


Table 41.--Relationship between stump diameter and diameter at breast height 
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Stand Volumes 
Table 42.--Stand volume, cubic feet per acre--ponderosa pine .. 2% . 2° % "2 sn52 
Table 43.--Stand volume, cubic feet per acre--lodgepole pine . . ~~. + - » s,« ‘99 
Table 44.--Stand volume, cubic feet per acre--western larch. ....... ... .54 
Table 45.=-Stand volume, cubic feet. per acre--Douglds-firt +) sie 4 Ge 6. je eee 
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Table 41.--Relationshtp between stump diameter and diameter at breast height (inches) 


di sibis 


Stump diameter range, 


Lodgepole 


Western larch 


Douglas-fir 


Ponderosa 


1.4-2.4 
2.5-3.6 
3.7-4.7 
4.8-5.8 
6.0-7.0 
Ticl=tetaul 


= 2216 
237-3. 
3.6-4.5 


le F=2'.16 
23 T= Sicf 
3.8-4.7 
4.8-5.-7 


Lei 2:..6 
2.7-3.6 
3.7-4.6 
4.7-5.5 
5.6-6.5 
6.6-7.5 


4.6-5.5 


5.6-6.4 
6.5-7.4 
1..9-8..9 


5.8-6.8 
6.9-7.8 


8.3-9.3 


7.9-8.8 
8.9-9.9 
10.0-10.9 


7.6-8.5 


9.4-10.4 


10.5-11.6 


8.4-9.3 


8.6-9.5 


9.4-10.3 


10.4-11.2 


9.6-10.5 
10.6-11.5 


Wl. 7 = D257 
1 2/.:8=13.59 
14.0-15.0 


11).0-11.9 


UN S= N22 
27. 5= VS:02 


12.0-13.0 


11.6-12.5 
12.:6=13.5 


13.1-14.0 
14 E1510 
15.2-16.1 
16,,.2=17 ol 


15.1-16.1 


13.3-14.0 


£4. 2-15.01 


13.6-14.5 


16. S=17-..3 


14.6-15.5 


17.4-18.4 
18.6-19.6 


15..2-16.1 
17;.2=18 2 16.2-17.0 


15.6-16.5 
16.6-17.5 
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19. 7=2057 
20.8-21.9 


17s V=18).0 
18.1-19.0 
19.1-19.9 
20.0-20.9 
21.0-21.9 
22.0-22.8 
22:.9-23.8 


13 5=19)5 2 


17.6-18.5 


19, 3-20.2 
20.3-21.3 


18.6-19.4 


22.0-23.0 
23.1-24.2 


24. 5=259.05 


19.5-20.4 
20.5-21.4 


21 AS22055 
22.4-23.3 


21.5-22.4 
22.5-23.4 


25.4-26.5 


23.4-24.4 
24.5-25.4 


26.6-27.6 


23.5-24.4 


Regression Equations 


Sisk 


of the Coefficient 


S.D. 


Equation 


Species 


0.987 
0.985 
0.991 
0.982 


0.65264 


0.0060791 
0.0062658 
0.0063114 
0.0078078 


-0.186432 + 1.00729 S 


Di= 


Ponderosa pine 
Douglas-fir 


0.69986 


-0.126425 + 0.965427 S 


-0.253227 + 1.03641 S 
D = -0.292117 + 0.873569 S 


D= 


0.41618 
0.54636 


De= 


Western larch 


Lodgepole pine 


D = d.b-h. 


S 


ter, inside bark 


lame 


Stump di 
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Headquarters for the Intermountain Forest and 
Range Experiment Station are in Ogden, Utah. 
Field programs and research work units are 
maintained in: 


Billings, Montana 

Boise, Idaho 

Bozeman, Montana (in cooperation with 
Montana State University) 

Logan, Utah (in cooperation with Utah State 
University) 

Missoula, Montana (in cooperation with 
University of Montana) 

Moscow, Idaho (in cooperation with the 
University of Idaho) 

Provo, Utah (in cooperation with Brigham 
Young University) 

Reno, Nevada (in cooperation with the 
University of Nevada) 
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